Abstract Metabolomics, which is defined as the comprehensive analysis of metabolites in a biological specimen, is an emerging technology that holds promise to inform the practice of precision medicine. Historically, small numbers of metabolites have been used to diagnose complex metabolic diseases as well as monogenic disorders such as inborn errors of metabolism. Current metabolomic technologies go well beyond the scope of standard clinical chemistry techniques and are capable of precise analyses of hundreds to thousands of metabolites. Consequently, metabolomics affords detailed characterization of metabolic phenotypes and can enable precision medicine at a number of levels, including the characterization of metabolic derangements that underlie disease, discovery of new therapeutic targets, and discovery of biomarkers that may be used to either diagnose disease or monitor activity of therapeutics.
INTRODUCTION
The goal of precision medicine is to design disease prevention and clinical care strategies taking into account individual variability in environment, lifestyle, genetics, and molecular phenotype. The application of clinical genomics in cancer to inform selection of therapies and predict outcomes has been the vanguard of the field. Using a microscope as an analogy, genomic tools constitute a powerfully informative objective lens through which to examine individual variability, but it does not provide a view to other biomolecules, such as metabolites, which also define molecular phenotypes. Ideally, a molecular microscope for precision medicine would be equipped with additional objectives to examine biochemistry more broadly. There are decades of precedence for using analyses of small numbers of metabolites to diagnose disease and impact clinical care-for example, the development of blood glucose test strips in the 1950s to test for diabetes (Clarke and Foster 2012) or measuring phenylalanine in newborns to screen for phenylketonuria (Guthrie and Susi 1963) . Indeed, measurable changes in metabolite levels occur in response to both complex disease and monogenic disorders, and in contrast to the genome, these changes can exhibit tissue specificity and temporal dynamics. Metabolomics is an emerging field and is broadly defined as the comprehensive measurement of all metabolites and low-molecular-weight molecules in a biological specimen. Because metabolomics affords profiling of much larger numbers of metabolites than are presently covered in standard clinical laboratory techniques, and hence comprehensive coverage of biological processes and metabolic pathways, it holds promise to serve as an essential objective lens in the molecular microscope for precision medicine.
METABOLOMICS IS AN EMERGING AND EVOLVING TECHNOLOGY
In practice, metabolomics presents a significant analytical challenge because, unlike genomic and proteomic methods, it aims to measure molecules that have disparate physical properties (e.g., ranging in polarity from very water soluble organic acids to very nonpolar lipids [Kuehnbaum and Britz-McKibbin 2013] ). Accordingly, comprehensive metabolomic technology platforms typically take the strategy of dividing the metabolome into subsets of metabolites-often based on compound polarity, common functional groups, or structural similarity-and devise specific sample preparation and analytical procedures optimized for each, as illustrated in Figure 1 . The metabolome is therefore measured as a patchwork of results from different analytical methods. As an emerging field that has been enabled, at least in part, by steady development of analytical instrumentation with new capabilities each year, the methods used in metabolomics continue to evolve and improve (van der Greef et al. 2013 ). However, a consequence of metabolomics laboratories using multiple procedures that are potentially subject to frequent refinement is that individual laboratories tend to have unique methods and there are comparatively few standard operating procedures commonly adopted across laboratories. Although this diversity of technologies is linked to innovation in the field, it lends itself to potential challenges when comparing data between laboratories because of issues like differences in precision of measurement for select classes of metabolites or nonoverlapping metabolite coverage. In addition, the degree of certainty in metabolite identification can vary among methods, ranging from metabolite identities rigorously confirmed using authentic reference standards to putative identifications made using reference databases to signals that remain as "unknowns." The need for standardization in metabolomics has been appreciated by its practitioners and has given rise to a number of initiatives toward realizing this aim, such as the Metabolomics Standards Initiative to develop guidelines for data reporting (Sansone et al. (Haug et al. 2013 ) and the Metabolomics Workbench (http://www.metabolomicsworkbench.org) funded by the National Institutes of Health Common Fund in the United States. As the field matures over time, it is conceivable that there might be convergence among laboratories on particular standard operating procedures, but in the meantime we must evaluate methods and the results they generate on a case-by-case basis. Necessary information that can aid this evaluation is comprehensive descriptions of methods, including details such as instrument settings and the means by which each metabolite was identified; data from repeated measures of representative samples, such as pooled samples, to enable determination of coefficients of variation for each metabolite measured by a particular method; and access to data sets submitted either as electronic supplements or to metabolomics data repositories such as those described above.
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C O L D S P R I N G H A R B O R
DEFINING THE METABOLOME AND IDENTIFICATION OF NEW DISEASE INDICATORS
While we remain in the midst of metabolomics technology refinement, we are still learning about what actually constitutes the human metabolome. A recent estimate of the entire complement of small molecules expected to be found in the human body exceeds 19,000 (Wishart et al. 2013 ). This number includes not only metabolites directly linked to endogenous enzymatic activities encoded by the human genome, but also those derived from food, medications, the microbiota that inhabit the body, and the environment. Our dependence on diet as a source for nine of the 20 amino acids for which there are codons in the human genome but no endogenous biosynthetic route is an example that highlights why it is important to account for "exogenous" metabolites in our study of the metabolome. Although broadening the scope of analyses to measure more metabolites increases the difficulty level, it is clear that comprehensive metabolomics heralds exciting new opportunities for discovery. Metabolomics is an objective lens to view the complex nature of how physiology is linked to external events and conditions, as well as measure its response to perturbations such as those associated with disease.
Metabolites have been described as proximal reporters of disease because their abundances in biological specimens are often directly related to pathogenic mechanisms (Gerszten and Wang 2008) and this concept is routinely demonstrated in clinical chemistry laboratory results. Historically, often a decade or more could pass between the initial discovery of a disease marker, its validation in human trials, and its routine implementation as a clinical test. To realize the potential of precision medicine, we need to accelerate the discovery of specific markers of disease and drug pharmacodynamics, as well as metabolite profiles associated with external environment and their associations with disease risk. Current metabolomics technologies can enable more rapid discovery and validation of metabolic indicators of disease. Techniques used in metabolomics, such as liquid chromatography-mass spectrometry (LC-MS), can routinely measure tens to hundreds of metabolites with excellent precision and are suitable for discovery studies in human cohorts. Confidence comes from experience with recent applications to find early metabolic indicators of disease in longitudinal cohorts years before symptoms are clinically apparent-for example, in pancreatic cancer (Mayers et al. 2014) , type 2 diabetes , Wang et al. 2011 , memory impairment (Mapstone et al. 2014) , and many other conditions. Metabolomics studies have also inspired work revealing novel insights into relationships between diet and disease, such as observations linking elevated branched chain amino acids and obesity to insulin resistance (Newgard et al. 2009 ). Bringing the microbiome into the mix, metabolite profiling studies by Koeth et al. (2013) recently showed that elevated plasma levels of trimethylamine-N-oxide are at the nexus of a relationship among diets abundant in red meat, the composition of the gut microbiome, and risk for cardiac events. Following the discovery of metabolic indicators of disease, it is relatively straightforward to create specific assays for metabolites of interest to enable follow-up studies, mainly because the discovery method can serve as a starting point and different technology may not be required. For this reason, the lag time between marker discovery and deployment of specific assay for clinical use may be brief. Finally, as proximal reporters of disease, metabolic indicators are well suited to serve as efficacy markers during drug development, which will be further enabled as more markers are discovered.
PROBING METABOLISM IN VIVO USING TRACERS
Specific aspects of metabolism that are centrally important to disease can be probed directly and dynamically in vivo using labeled tracer substrates. Tissues that are characterized by significant glucose metabolism, such as malignant tumors and brain tissue, can be imaged radiologically using 18 F-fluorodeoxyglucose-positron emission tomography ( 18 F-FDG-PET). An important application of this technique is diagnosing and staging malignancies, as well as measuring responses to therapies, but the tool extends to other pathologies such as inflammation (Hess et al. 2014) . Nonradioactive, stable isotope-labeled tracers are also powerful metabolic probes, offering good safety profiles for in vivo dosing and the opportunity to measure the metabolism of just about any biological molecule that can be synthesized. Using techniques such as 13 C hyperpolarization magnetic resonance, metabolism can be monitored in vivo (Brindle 2015) . Following administration of stable isotope-labeled substrates, it can also be informative to collect biological fluids or tissues, via biopsy or surgical resection, and apply analytical methods to samples ex vivo to finely trace metabolism of the substrate. For example, Sellers et al. (2015) recently reported results from a 13 C 6 -glucose tracer study in human subjects with non-small-cell lung cancer (NSCLC) that revealed enhanced pyruvate carboxylase pathway activity, as read out by increased levels of the downstream metabolite 13 C 3 -aspartate, occurred in cancer bearing lung tissue. Additional experiments confirmed that pyruvate carboxylase activity was essential for NSCLC proliferation and tumorigenesis. This effort therefore serves as a valuable example of how metabolic tracer studies may reveal potentially novel therapeutic targets in precision medicine.
CLOSING THOUGHTS
It is still early with respect to the application of metabolomics in precision medicine and its impact will be ultimately be demonstrated by improvements in care for individuals. A developing story that demonstrates potential for metabolomics began with the characterization of cells expressing a mutant isoform of cytosolic isocitrate dehydrogenase (IDH1), R132H, that had been found to occur at high frequency in gliomas and glioblastomas. Dang et al. (2009) investigated the metabolic consequences of this mutation by applying metabolomics to extracts from cells transfected with either wild-type IDH1 or R132H mutant IDH1 and observed significantly higher levels (>20-fold) of 2-hydroxyglutarate (2HG), a known component of the metabolome but of unknown physiologic importance. Additional experiments showed >10-fold higher concentrations of 2HG in human malignant glioma tissues bearing IDH1 mutations relative to those with wild-type IDH1 (Dang et al. 2009 ) and, subsequently, it was found that other mutant isoforms of IDH associated with cancer also produce 2HG (Gross et al. 2010) . Presently, 2HG is being measured as a pharmacodynamic marker in clinical trials designed to test inhibitors of mutant IDH (Dimitrov et al. 2015) . As metabolomics finds wider application in lines of investigation similar to this example, more stories will surely emerge. It will be exciting to both share results from and follow these stories in the pages of this new journal.
